Parameterizations of the shortwave optical properties of ammonium sulfate [(NH 4 ) 2 SO 4 ], ammonium bisulfate (NH 4 HSO 4 ), and sulfuric acid (H 2 SO 4 ) are provided as functions of relative humidity for high and low spectral resolution band models. The optical property parameterization is simple in form and in its dependence on relative humidity. The growth of the aerosol particles is based on equilibrium saturation theory, and the optical properties are computed from Mie theory. The optical properties necessary for the most commonly used radiative transfer methods are provided.
Introduction
In recent years, there has been much focus on the radiative forcing due to sulfate aerosols. Sulfate aerosols have been deemed important for climate change because the estimated strength of their direct forcing is appreciable and because sulfates indirectly alter the radiative balance of the earth through their influence on clouds by acting as cloud condensation nuclei. Considerable progress has been made in recent years toward understanding forcing due to various types of aerosols. The types of aerosols studied include, for example, dust (LiJones et al. 1998; Sokolik and Toon 1999) , biomass burning aerosols (Liousse et al. 1996; Iacobellis et al. 1999) , fossil fuel emission products (Haywood and Shine 1997) , and sea salt aerosols (Winter and Chýlek 1997; Dobbie et al. 2000) . And certainly many studies regarding sulfate aerosols have been performed (Charlson et al. 1992; Kiehl and Briegleb 1993; Chuang et al. 1994; Taylor and Penner 1994; Lacis and Mishchenko 1995; Nemesure et al. 1995; Haywood et al. 1997; Grant et al. 1999; Kiehl et al. 2000) . Compared with other types of aerosols, the optical properties and size distributions of sulfate aerosols are reasonably well known. In addition, chemical transport models (e.g., Langner and Rodhe 1991) make spatial and temporal distributions readily available, which provides a standard aerosol loading for intercomparison of atmospheric model calculations.
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Estimates of global mean sulfate aerosol radiative forcing range from Ϫ0.28 W m Ϫ2 (Kiehl and Briegleb 1993) to Ϫ1.3 W m Ϫ2 (Charlson et al. 1992 ). In the work by Charlson et al. (1992) , the very simple thin atmosphere approximation to the radiative transfer equation is used. No consideration is given to the spatial distribution of sulfate aerosol loading, nor the complex interactions between sulfate distributions, cloud cover, and surface reflection. Including all of these effects is best treated in a GCM model. In general circulation models, however, there is still a considerable range of global mean forcing estimates for sulfate aerosols. In Kiehl et al. (2000) , a new parameterization of sulfate aerosol is used. The aerosol forcing is increased to Ϫ0.56 from Ϫ0.28 W m Ϫ2 (Kiehl and Briegleb 1993) , but is still significantly different from Ϫ0.95 W m Ϫ2 determined by Taylor and Penner (1994) . Further studies of the global mean anthropogenic aerosol radiative forcing and sensitivity of forcing estimates to GCM simulations (e.g., sensitivity to specification of clouds) are needed.
There are a number of uncertainties that complicate the determination of aerosol radiative forcing. One of the most important is the change in the optical properties with relative humidity. From observations, all sulfate aerosol particles grow in size as relative humidity increases (Tang et al. 1981; Whitby 1984; Tang and Munkelwitz 1994; Tang 1996) . In climate models, the influence of relative humidity on aerosol growth and thus radiative forcing has been considered by several groups. In Haywood et al. (1997) , the subgrid variation of relative humidity and its impact on global radiative forcing is assessed. In Nemesure et al. (1995) , the sulfate aerosol growth factor is obtained from the numerical results of Tang and Munkelwitz (1994) but they only consider wavelengths up to 1.0 m. Also, there is little on the variation of the wet size distribution to changes of relative humidity. Kiehl et al. (2000) proposed a general parameterization for optical properties of sulfate aerosols and applied the parameterization to the NCAR Community Climate Model. Our work differs from Kiehl et al. (2000) in a number of ways. We have obtained refined experimental parameterizations of sulfuric acid growth at low relative humidities (see appendix) and used these in our calculations. The wet optical properties (functions of wet aerosol sizes) are explicitly written in terms of the dry size distributions and the relative humidity. The parameterizations presented here are simpler-in the sense that there are fewer fitting parameters and simpler fitting functions used. We also include the parameterization for ammonium bisulfate. And last, our parameterization can be applied to the thin optical depth approximation, commonly used for quick aerosol radiative forcing estimates.
In this work, a parameterization of the aerosol optical properties as a function of relative humidity is presented, including the extinction coefficient, single scattering albedo, asymmetry parameter, and backscattered fraction.
Our parameterization of the optical properties exhibits a simple dependence on relative humidity, which makes it suitable for use in climate models.
Growth factor and size distribution
In the troposphere, ammonium sulfate [(NH 4 ) 2 SO 4 ], ammonium bisulfate (NH 4 HSO 4 ), and sulfuric acid (H 2 SO 4 ) are the dominant sulfate compounds (Charlson et al. 1978; Nemesure et al. 1995) . The growth of aerosol particles as a function of the ambient relative humidity has been investigated both experimentally and theoretically by many researchers (e.g., Fitzgerald 1975; Tang et al. 1981; Whitby 1984; d'Almeida et al. 1991; Tang and Munkelwitz 1994; Tang 1996) . The growth factor, , is defined as the ratio of the aerosol particle radius r at a specified H (the relative humidity normalized to unity) to the radius of the corresponding dry aerosol r d . The growth will depend on chemical composition, but if we consider a sulfate aerosol of fixed initial dry chemical composition, then the aerosol growth factor will depend on the size of the particle and ambient relative humidity, r ϭ (r , H ).
(1) d r d Fitzgerald (1975) and d 'Almeida et al. (1991) applied equilibrium saturation theory to find the growth of sulphuric acid and ammonium sulfate aerosols. In their calculations, however, the van't Hoff factor was set to be a constant. In 1969, Low pointed out that the van't Hoff factor is a function of solute concentration. In the appendix, equilibrium saturation theory is discussed in the context of the recent developments in the area. In our calculations, the aerosol growth is obtained using the traditional Köhler curve.
The size distribution of many types of aerosol particles in the atmosphere tend to closely resemble lognormal distributions. A single-mode distribution has the following form:
2 dr 2(ln) ͙2r ln A multimodal distribution is obtained by simply summing single-mode distributions. In Eq. (2), r is the radius of the aerosol particle, N 0 is the total number density, r 0 is the geometric mean radius (for the mode), and is the geometric standard deviation. For ease in expressing the wet optical properties explicitly in terms of their dry size distribution and relative humidity, we treat each mode of the size distribution separately. The effective radius and effective variance for the lognormal distribution are given by The wet size distribution, n(r), is related to the dry size distribution, n(r d ), in the following way:
This prescription constrains the number of dry particles in the interval from r d to r d ϩ dr d to equal the number of wet particles in the interval from r to r ϩ dr. That is, n(r d )dr d ϭ n(r)dr. In Fig. 1 , the size distribution n(r d ) is shown as a solid line for the following input parameter values: N 0 ϭ 100 cm Ϫ3 , r e ϭ 0.5 m, and e ϭ 0.693. The dashed line in Fig. 1 corresponds to the wet size distribution, n(r), corresponding to a growth factor of obtained for sulfuric acid (H 2 SO 4 ) at H ϭ 0.80. As expected, the wet size distribution, n(r), is shifted toward larger radius size, and the height of the distribution is diminished relative to the dry size distribution. The change in the dry to wet size distribution is given by Eq. (5), and we note that the wet size distribution may be distorted from the lognormal form. Also as a consequence of Eq. (5), the areas under each of the curves are equivalent. The manner in which the wet size distribution is related to the dry size distribution, shown in Eq. (5), is crucial to the aerosol optical property calculation.
The average of a physical quantity F(r) weighted by a wet size distribution n(r) is given by
This average can be represented in terms of the dry size distribution through the growth factor, , according to
Because of growth, wet optical properties can be significantly different from the optical properties resulting from the corresponding dry aerosol distribution, especially for high relative humidities. In most climate models, however, only the size distribution for dry aerosol is usually specified. There are a few studies that account for the growth of the size distribution with relative humidity (e.g., Fitzgerald 1975; Kiehl et al. 2000) . But with the relation shown in Eq. (7), the wet optical properties analytically are related to the dry size distribution. The exact size distribution weighted physical quantity (extinction, etc.) can be obtained without explicit determination of the wet aerosol size distribution.
Furthermore it is shown in the appendix that is not sensitive to the initial dry aerosol radius. Therefore Eq. (5) can be simplified as
The wet size distribution can be obtained directly from this equation. To perform two stream radiative transfer calculations, the extinction coefficient, single scattering albedo, and asymmetry parameter are required. We write the extinction coefficient as a product
where WAC is the wet aerosol content and is the specific extinction. Both the and WAC are for the wet aerosol size, so they are depend on the ambient relative humidity. The WAC is specified by
where is the mass density of wet particles, a function of H. The is specified by VOLUME 58
where is the wavelength; and Q ext is extinction efficiency, which is also a function of H.
Since the initial source of aerosols is considered dry, we can also write
where R ϭ WAC/DAC, is the ratio of wet to dry aerosol contents. The DAC is given by
where d is the mass density of the dry aerosols. The single scattering albedo, , specifies the fraction of the total radiation interacting with a particle (through scattering and absorption processes) that is scattered. It is defined as 2 Q (, r )(r ) n(r ) dr
2 Q (, r )(r ) n(r ) dr
where Q sca is the scattering efficiency. A phase function, P, describes the angular distribution of scattered photons for scattering events. The normalized phase function is given by
where is the scattering angle; and i 1 and i 2 are the squares of the vertical and horizontal scattering amplitudes, respectively. The asymmetry factor is g, which is one-third of the first moment of the Legendre expansion of the phase function.
For our calculations, we use the refractive index of water taken from Hale and Querry (1984) and Downing and Williams (1975) . For (NH 4 ) 2 SO 4 , the refractive index is obtained from Toon et al. (1976) . For a wet particle of radius r, the corresponding dry particle has a radius r d ϭ r/. We can therefore find the mass density of the wet particle by mixing the dry particle and water. Similarly, the effective refractive index of the wet particle can be found by using the volume weighted average of refractive indices (Toon et al. 1976 ). For NH 4 HSO 4 refractive index, we use 1.473 for the real part and assume that the imaginary part is the same as that of (NH 4 ) 2 SO 4 (Lide 1997) . For H 2 SO 4 , since the refractive indices for 25%, 38%, 50%, 75%, 84.5%, and 95.6% solutions are reported by Palmer and Williams (1975) , linear interpolation is used to obtain the refractive index for volume fractions between the percentages shown above.
Parameterization of the aerosol optical properties
The optical properties of ammonium sulfate, ammonium bisulfate, and sulfuric acid are presented in a 4-band scheme that is the same as that of the parameterization for cloud optical property (Slingo 1989; Dobbie et al. 1999) . In addition to this, a higher spectral resolution band scheme is also presented. This 18-band scheme is consistent with the 24-band scheme of Slingo (1989) with a few bands combined because there is not sufficient spectral coverage in the refractive index data to warrant the same band scheme. Within each band, the optical properties at each wavelength are interpolated and weighted by the solar irradiance by Kurucz (1992) . This solar irradiance is much closer to that of Labs and Neckel (1970) than that of Thekaekara (1976) :
where ⌬ i is the wavelength interval for band i, and s is the solar spectral weight at the wavelength . Measurements show that the aerosol distributions usually have an effective radius in the range from 0.1 to 1 m (Lacis and Mishchenko 1995) and effective variance of 0.693 in a lognormal distribution. Compared to the influence of effective radius, the effective variance is believed to have less importance for aerosol radiative properties, especially for a distribution with large effective radius. Chýlek and Wong (1995) showed that for the lognormal distribution, different values of effective variance but constant effective radius yield similar results for the backscattered fraction.
Three effective radii are considered: 0.166, 0.5, and 1 m. Note, these values of effective radius correspond to dry aerosol sizes. To obtain the optical properties for other values of effective radius an appropriate interpolation technique can be employed. An effective variance of 0.693 is used in all calculations for the dry aerosol distribution.
To parameterize the optical properties of wet aerosols based on the initial dry aerosol properties, a relationship between WAC and DAC must be established. It will L I E T A L . certainly depend on the relative humidity, H, and at first glance, we might also expect it to depend on the effective radius of the dry aerosol size distribution. We find that R is strongly dependent on the relative humidity, H, but largely insensitive to changes in the effective radius of the dry aerosol size distribution. We found differences to be usually less than 2% for different effective radii in the range between 0.1 and 1 m and relative humidities up to 0.98. Also, it is found that R is insensitive the changes in the effective variance. Therefore, the parameterization of R is taken as independent of effective radius of the original dry particle distribution, and we base the parameterization on the average value of R for the three effective radii considered. The R is parameterized as
The coefficients for each sulfate aerosol are listed in Table 1 . For (NH 4 ) 2 SO 4 , the parameterization is valid for 0.35 Ͻ H Ͻ 0.98, and for below the crystallization point R ϭ 1. The parameterization for NH 4 HSO 4 and H 2 SO 4 is valid for 0.05 Ͻ H Ͻ 0.98. In Eq. (19), the last term accounts for the very rapid growth when H is close to 1.0. Figure 2 shows the performance of Eq. (19) for sulfate aerosols. For values of relative humidity over 0.90, the wet aerosol particles grow rapidly and usually a cloud is assumed to form in this circumstance. Given the fractional yield of emitted gas that will ϪϪ SO 4 react to produce sulfate aerosols and the dry loading of the sulfate aerosol, using R we can obtain the wet sulfate loading and calculate the aerosol direct forcing. This is what is typically required for models that do not simulate transport processes. However, if transport processes are considered in a model (tracer models) and the hygroscopic growth is considered (see appendix) and the wet sulfate loading is known in each location. From R, the dry sulfate aerosol loading can be obtained. From this we can evaluate the net effect of aerosol transport taking account of the aerosol growth with relative humidity.
The specific extinction coefficient, asymmetry parameter, and single scattering albedo for each band are parameterized in the following way:
The parameterization coefficients , , and are pro- Table 2 for ammonium sulfate, ammonium bisulfate, and sulphuric acid. The parameterization formulas in Eqs. (20)- (22) are valid for relative humidity less than 0.98. Figure 3 shows plots of the parameterized (dotted lines) and exact (solid lines) optical properties as functions of relative humidity for sulfuric acid. From Fig.  2 we see that the growth rate of sulfuric acid is larger than that of other sulfates. Therefore the optical properties for sulfuric acid have a relatively greater dependence on relative humidity. In Fig. 3 , the 4-band scheme of sulfuric acid is shown. Figures 3a and 3b are for effective radii of 0.166 and 0.5 m, respectively. These results show that the simple parameterizations developed here are able to provide accurate values for the optical properties. In most cases, the errors are less than 2%.
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By inspection of Figs. 3a,b, an interesting result is observed: for different effective radius size, the specific extinction shows completely different behavior in response to changes in H. Let us focus on the plots of the first two bands of the 4-band model, which are the dominant bands in terms of the solar weighting. For increases in H, the specific extinction generally increases for an effective radius of r e ϭ 0.166 m, for both bands 1 and 2; whereas for the larger effective radius, r e ϭ 0.5 m, the specific extinction for band 1 now decreases in response to increases in H, and band 2 shows a significant reduction in slope relative to the smaller effective radius results. The extinction coefficient is the product of WAC and the specific extinction. By comparing the dependence of WAC (Fig. 2 ) and specific extinction (Fig. 3) to increases in relative humidity, we see that changes in WAC will dominate over changes in specific extinction for a variation in H. That is, the extinction will always tend to increase, regardless of any decreases in specific extinction. However, with an increase of H, the extinction coefficient for particles with a smaller effective radius will increase more rapidly compared to particles with a larger effective radius, keeping in mind that WAC was insensitive to changes in effective radius. Therefore, the aerosol radiative forcing is more sensitive to distributions with smaller effective radius for changes of H.
In addition to these trends, it is seen in Figs. 3a,b that variation rates of the single scattering albedo for band 4 and the asymmetry parameter for all bands are larger for distributions with smaller effective radius than for the distributions with larger effective radius (observe that the scales are different).
For aerosol radiative forcing calculations, a commonly used radiative transfer scheme is the thin optical depth approximation. In this approximation an important factor is the backscattered fraction (Wiscombe and Grams 1976) :
͵ 0 This determines the radiation scattered into the upward hemisphere relative to the direction of the incident electromagnetic radiation. Because of its importance, we have parameterized the backscattered fraction in the following way for each band interval:
The parameterization coefficients for ␤, namely, , ,
and , are provided in Table 3 for the 4-band scheme. 

Ϫ2.31eϪ3
Only a 4-band scheme is provided since the backscattered fraction is mostly used in estimates of aerosol radiative forcing. Figure 3 also displays both the parameterized and exact backscatter fractions for H 2 SO 4 as functions of H for all of the 4 bands. As can be seen, the parameterization shown in Eq. (24) works well for all of the bands.
As mentioned before, the sulfate aerosol optical properties for other effective radii can be obtained through Lagrangian interpolation method based on the results at r e ϭ 0.166, 0.5, and 1.0 m. Figure 4 shows the interpolation results for H 2 SO 4 at r e ϭ 0.3 m. It is found that the relative error can be up to 10%. Considering the fact that the optical properties of H 2 SO 4 change significantly for different effective radius at small effective radius range as shown in Figs. 3a,b , we are not surprised that this large error occurs in Fig. 4 . However, we find that the errors from interpolation results for the other two sulfate compounds are relatively smaller, since they have a smaller variation of the optical properties with effective radius. Also the error by interpolation method is smaller in a larger effective radius case.
A formulation of the thin optical depth approximation, which is commonly used in calculating the aerosol radiative forcing (Coakley and Chýlek 1975) , is
where S 0 is the solar constant, T 1 is the transmission above the aerosol layer, A c is the cloud coverage, R s is the surface albedo, ␤ is the backscattered fraction, and is the optical depth of aerosol layer. As we showed in a previous section, ␤ has a tendency to decrease as H increases, especially for H greater than about 0.30, for all cases of dry effective radius size. This result is consistent with larger particles scattering more radiation toward the forward direction than smaller particles do. So, ignoring the variation of ␤ will lead to an overestimation of the aerosol radiative forcing.
We suggest that the sensitivity of radiative forcing to variations in relative humidity-under the thin atmospheric approximation-should be considered as dependent on the combined factor ␤(H)(H) ϭ f (H)␤ d d . We call f (H) the forcing sensitive factor. From our parameterization, this combined parameter can easily be obtained. We note that for a geometrical aerosol thickness of z the dry aerosol product is ␤ ϭ DACz␤ d d , where ␤ d and d are the backscattered fraction and specific extinction coefficient for dry particles, respectively. Therefore, from Eqs. (20) and (24) 
Ϫ1.42eϪ3
The data of (␤ d d ) i for different sulfate compounds with different bands are listed in Table 3 .
In Figs. 5a , 5b, and 5c, the forcing sensitivity function, f (H), is shown for ammonium sulfate, ammonium bisulfate, and sulfuric acid, respectively. In each figure, effective radii of 0.166, 0.5, and.1.0 m are displayed. And, in each plot within each figure two lines are shown-the visible band 1 from 0.25 to 0.69 m (solid line) and the combination of the other near-infrared three bands (dashed line) from 0.69 to 4 m. From Fig. 5 , we see that there is stronger radiative forcing dependence on H for sulfuric acid than for ammonium sulfate and ammonium bisulfate. It is also found that the radiative forcing is more sensitive to size distributions with a smaller effective radius and longer wavelengths (near-infrared region as opposed to visible). For example, at an effective radius of 0.166 m, the rate of change of radiative forcing to an increase of H for the near-infrared band is nearly double that of the same increase in H in the visible band, for large values of H. In the previous studies of aerosol radiative forcing more attention has been given to the visible region, whereas our work shows that in some circumstances the nearinfrared is more important. Figure 3 shows that ␤ decreases more rapidly in the visible than for the nearinfrared because Mie calculations are a function of the size parameter X ϭ 2r/ and backscatter is most pronounced for small values of X. Thus ␤ for a wet distribution will decrease more rapidly in the visible than in the infrared for the same dry aerosol distribution.
Summary
The optical properties of sulfate aerosols are parameterized as functions of relative humidity for different dry aerosol size distributions. Equilibrium saturation theory for particle growth is used with recent observational results (see appendix), and we use the exact Mie theory to calculate the optical properties. The wet optical properties (functions of wet radius) are formulated explicitly in terms of the dry size distributions and relative humidity (through ) in Eq. (7). We parameterized the optical properties as simple functions of the relative humidity. We find that the ratio of wet to dry aerosol content is not sensitive to the initial size distribution; however, the opposite is true for the optical properties-they are very sensitive. For each compound, a 4-band model and a higher spectral resolution band model are provided. The optical properties are calculated for three values of dry effective radius size: 0.166, 0.5, and 1.0 m. Interpolation techniques can be performed to obtain intermediate values of dry effective radius. We parameterized the optical properties needed for radiative transfer. To accommodate the thin atmosphere approximation, we have also parameterized the backscattered fraction from Mie calculations as a function of the relative humidity.
We find that by including the variation of the back- scattered fraction with H combined with the relative humidity effects on the extinction, there is an enhancement of the radiative forcing at near-infrared wavelengths relative to visible wavelengths. It was also discovered that sulfuric acid has a larger radiative forcing compared to ammonium sulfate and ammonium bisulfate. The variation of the radiative forcing is more sensitive to relative humidity changes for smaller effective radius distributions.
In this work the single modes for each sulfate compound are considered. The user would just compute the optical properties at all three effective radii and combine L I E T A L . them weighted by the number of particles in each mode. The number of particles in each mode is determined by tracer model output. The atmospheric impact of sulfate aerosols needs further exploring by implementing this parameterization into a GCM model. This parameterization offers an improved and simple way to investigate the effect of sulfates on aerosol forcing. (NH 4 ) 2 SO 4 . However, the calculation is only valid for droplet molality smaller than 0.1. In the process of hygroscopic growth, the droplet molality can be as large 100% for very low relative humidity.
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In Tang and Munkelwitz (1994) and Tang (1996) , the water activities for (NH 4 ) 2 SO 4 , NH 4 HSO 4 , and H 2 SO 4 are presented as
where y ϭ 100x is the mass fraction of the solute in the solution in percentage. The coefficients C i are provided in their paper.
For H 2 SO 4 at very low relative humidity (under 0.10), the results obtained by using the fitting of Eq. (A3) overestimates the growth relative to experimental measurements. A more accurate fitting is presented here, obtained through personal communication with I. N. Tang (personal communication):
with C 1 ϭ Ϫ6.540 055 ϫ 10 Ϫ3 ; C 2 ϭ 3.776 891 6 ϫ 10 Ϫ4 ; C 3 ϭ Ϫ2.327 195 4 ϫ 10 Ϫ5 ; C 4 ϭ 3.336 936 ϫ 10 Ϫ7 ; and C 5 ϭ Ϫ1.415 703 1 ϫ 10 Ϫ9 . The surface tension is given by We use an iteration method to solve Eq. (A1). The droplet density can be directly obtained at each step in the iteration process. The variation of droplet density with water mass [regarding ‫‪r‬ץ/ץ‬ in Eq. (A1)] is obtained from the parameterization of Tang and Munkelwitz (1994) and Tang (1996) .
The growth factors for (NH 4 ) 2 SO 4 , NH 4 HSO 4 , and H 2 SO 4 are shown in Fig. A1 for a dry droplet radius of 0.5 m and temperature T ϭ 298ЊC. We find that the results are not sensitive to the temperature range as observed in the lower atmosphere. For H 2 S0 4 , the curve in Fig. A1 is in excellent agreement with the results of Tang (1996) and the measurements of Whitby (1984) . Note that the growth factor of Whitby (1984) (their Fig.  1 ) is the ratio of the results normalized by the growth factor at a relative humidity of 0.15.
For (NH 4 ) 2 SO 4 , the curve in Fig. A1 is also in excellent agreement with the results of Tang (1996) . In Fig. A1 the results below crystallization point are not plotted. Tang et al. (1981) and Whitby (1984) found that ammonium sulfate displays a hysteresis phenomenon in its growth process. That is, the hydrated ammonium sulfate retains water only until a critical value of H is reached (crystallization point), and for H below this (downward branch) a dry ammonium sulfate particle forms. But, the dry particle can only become hydrated once H reaches or exceeds a critical H (upward branch) value (deliquescence point). The critical value of relative humidity for the upward branch is around 0.80, but the critical value of relative humidity for the downward branch has been reported to be between 0.15 (Whitby 1984) and 0.30 (Tang et al. 1981) . In more recent measurements, Tang and Munkelwitz (1994) state the crystallization is at 0.37-0.40. Below this value, the growth ratio is always assumed as unity. We also find that the growth factor, , for sulfate aerosol is not sensitive to the dry droplet radius. For a dry sulfate aerosol with radius in range of 0.1-1.0 m the difference for is less 1% for H Ͻ 0.9 and the maximum difference is about 5% at H Ͻ 0.98. Therefore we also present a parameterization for based on the dry droplet radius of 0.5 m:
The coefficients of l 1 , l 2 , and l 3 are listed in Table A1 . The parameterization results are also shown in Fig. A1 . Though the parameterization for is not used in this study, it will be very useful for sulfate aerosol dynamical transport process. Following Li and Boer (2000) , all physical processes (except coagulation) that govern the aerosol can be unified by a four-dimensional continuity equation. It shows
where n is the size distribution, t is the time, r is the aerosol radius, G ϭ dr/dt is the growth rate, and V is the velocity. Approximately, G is given by
where H iϩ1 and H i are the relative humidity at time step i ϩ 1, and i, respectively; and ⌬t is the time interval between time steps. Therefore the parameterization of is necessary for transport process. Gong et al. (1997) considered the parameterization of for sea salt.
In the steady state, if the hygroscopic growth is the dominate process for the evolution of aerosol size distribution, we can write
‫ץ‬r which leads to n(r)dr ϭ n(rЈ)drЈ.
Equation (5) is a special case of Eq. (A10) in which rЈ ϭ r d (for dry particles). In present GCMs Haywood et al. 1997; Kiehl et al. 2000; and others) , it is difficult to include all the physical processes for the evolution of an aerosol size distribution, and often the size distributions are not explicitly treated. Therefore, the hygroscopic growth factor is important for inclusion of these processes.
